The accuracy of 0-36 h real-time flood forecasting is largely determined by the quantitative precipitation forecasts (QPFs), but convective weather remains a significant challenge for numerical weather prediction systems. Therefore, it is crucial to improve the QPFs' accuracies to predict and prevent flash flood disasters.
Introduction
Flooding is a pervasive natural hazard, which causes human su¤ering and loss. Floods impact over half a billion people every year worldwide and could impact two billion by 2050 (United Nations University 2004). As much as 44% of all flood disasters worldwide and 93% of flood-related deaths in the decade 1988-1997 occurred in Asia; however, most Asian countries, particularly the developing ones (including China), currently lack reasonable operational flood-prediction systems to provide timely and meaningful flood forecasts and warnings. The resolution of this urgent issue requires research and further improvement of the collaboration between meteorological and hydrological services (see Lettenmaier et al. 2006) .
Accurate flood forecasts in river basins require (a) a hydrological model to accurately translate precipitation and other surface meteorological conditions into runo¤ entering river channels, and predict river routing in the channel system, and (b) an atmospheric model to provide reliable numerical weather predictions (NWPs). In recent years, there have been improvements of flood forecasts by the integration of the knowledge of the atmospheric and hydrological communities. In particular, much attention has been paid to ''one-way'' coupling between atmospheric and hydrological models for streamflow forecasts (e.g., Yu et al. 1999; Lin et al. 2002; De Roo et al. 2003; Benoit et al. 2003; McGuire et al. 2006; Amengual et al. 2008; Diomede et al. 2008; Zhao et al. 2009; Ma et al. 2010) .
With the evolution of atmospheric modeling and computing performance, spatial resolution of atmospheric models is now typically a few kilometers, which is compatible with that of hydrological simulations in river basins. On the other hand, short-term flood forecasting largely depends on the quality of deterministic quantitative precipitation forecasts (QPFs), which because of the loss of atmospheric predictability have large uncertainties when going down to small spatial and temporal scales .
By using one-way coupling of the state-of-the-art hydrological and atmospheric modeling systems to predict short-term flood disasters, this work aims at providing a test-bed for operational real-time flood forecasts for the Yunnan province of China. This area and other provinces along the Yangtze River Basin (e.g., Sichuan and Guangxi) have had a number of recorded flood disasters.
Due to its unique topography, the Tibetan Plateau, the largest and highest plateau in the world, is crucial to the global water and energy cycles, (Xu et al. 2008a ). The Plateau acts as an atmospheric pump which attracts warm and moist air from both Indian and western Pacific Oceans (Ma et al. 2008) , and the atmospheric energy and water vapor transport and convergence are further complicated and intensified by the e¤ect of East Asian monsoon circulation (CAMS et al. 2009 ).
Because the importance of the Plateau in flood disasters in both China and Japan, joint ChineseJapanese work in 1979, and again in 1998 highlighted the need for a set of more permanent and operational observation networks over the plateau. Consequently, a New Integrated Observational System supported by the China-Japan Joint International Co-operation Project over the Tibetan Plateau (NIOST) was implemented in 2005 and completed in 2009 (CAMS et al. 2009 ). The NIOST observational network provides a mechanism for transferring research results from field experiments into forecast capability, as well as enhancing research activities by providing routinely available long-term datasets (Xu et al. 2008b ). The observation network covers most of the Tibetan Plateau, a large portion of the Yunnan province (southeast of Tibet; see Fig. 1a ), and some portions of Sichuan, Guangxi, and other provinces along the Yangtze River Basin (Xu et al. 2008b) . NIOST comprises several observational platforms, including GPS, GPS sounding (radiosondes with GPS tracking), automated weather stations (AWS), PBL towers, wind profilers, and satellites. It is expected that assimilating satellite remote sensing and surface observation capabilities will be enhanced, to improve the NWPs for the disaster warning in these regions.
The objective of this study is to illustrate improved predictability of heavy-rain induced flash floods in an eastern ambient region of the Tibetan Plateau (Nanpan River Basin, Yunnan province, China; Fig. 1a ) by assimilating integrated observations (Fig. 1b) into NWPs for achieving better initial data-fields. ''By the provision of more accurate flood forecasts and thus the potential reduction of flood-related disasters, the socio-economic benefits from this China-Japan cooperation project can be clearly demonstrated. In this study, the 36-h real-time flood forecasting from 01 July 2008 in the Nanpan River Basin, using the Advanced Research Weather Research and Forecasting Model (WRF; Skamarock et al. 2005 ) and a distributed biosphere hydrological model (WEB-DHM; Wang et al. 2009a Wang et al. , 2009b Wang et al. , and 2009c ) is presented as an example.''
Method

The WRF model
The WRF model Version 2.2 (released on 22 December 2006) is currently used for the operational NWPs in Yunnan Provincial Meteorological Bureau, China. In this model, the boundary layer scheme uses the YSU (Yonsei University) scheme ) and the microphysics is described by the WRF Single-Moment 6-Class Microphysics Scheme (WSM6H; Hong and Lim 2006) . The rapid radiative transfer model (RRTM; Mlawer et al. 1997) estimates the long-wave radiation, and the scheme by Dudhia (1989) calculates the shortwave radiation. For this study, threenested domains are configured with a center at 99 E and 26 N. Domain 1 is the coarsest mesh and has 60 Â 70 grid points in the north-south and east-west directions, respectively, with a horizontal grid spacing of 90 km. Within Domain 1, Domain 2 is nested with 61 Â 61 grid points at 30 km grid spacing. The fine-mesh Domain 3 is 97 Â 97 points with 10 km spatial resolution. The convection for Domains 1, 2 and 3 is described by the BettsMiller-Janjic scheme (Betts and Miller 1986; Janjic 1994) , the Kain-Fritsch scheme (Kain and Fritsch 1990, 1993; Kain 2004) , and the Grell-Devenyi ensemble scheme (Grell and Dévényi 2002) , respectively. In this study, all the simulated results are obtained from the outputs of Domain 3. The initial boundary conditions for the WRF model are provided with the NCEP/GFS datasets (URL: ftp:// 140.90.33.31/pub/data/nccf/com/gfs/prod/), with a spatial resolution of 1 degree by 1 degree, and a temporal resolution of 3 hours.
Modern NWP data assimilation systems use various sources of information to provide a best estimate of the atmospheric state at a given time. The three-dimensional variation data assimilation (3DVAR) system (Barker et al. 2004 ) is currently used in the operational NWPs in Yunnan province, as well as sounding data and GPS derived precipitable water vapor, to assimilate the automatic and conventional surface meteorological observations.
The distributed biosphere hydrological model
A distributed biosphere hydrological model, the so-called water and energy budget baseddistributed hydrological model (WEB-DHM; Wang et al. 2009a Wang et al. , 2009b Wang et al. , 2009c , was used for the oneway coupling with the WRF model, to translate meteorological inputs into streamflows. The WEB-DHM was developed by fully coupling a biosphere scheme SiB2 (Sellers et al. 1996a ) with a hillslope hydrological model GBHM (Yang et al. 2002 (Yang et al. , 2004 . The WEB-DHM is capable of continuously simulating the exchanges of water, energy and CO 2 in the soil-vegetation-atmosphere transfer system during land-atmosphere interactions at the basinscale in a spatially-distributed manner. The model has high e‰ciency for the simulation of of largescale river basins, while incorporating sub-grid topography.
The overall structure of the WEB-DHM (see Fig. 2 ), is described as follows:
(1) A digital elevation model (DEM) is used to define the target basin, which is then divided into sub-basins (see Fig. 2a ). Within a given sub-basin, a number of flow intervals are specified to represent time lags and the accumulating processes in the river network. Each flow interval includes several model grids (see Fig. 2b ). It should be mentioned that Fig. 2 is a simple schematic diagram for WEB-DHM, and does not necessarily refer to the area studied here.
(2) For each model grid with one combination of land use type and soil type, the land surface submodel independently calculates turbulent fluxes between the atmosphere and land surface (see Figs. 2b, d) . The vertical distributions of water for all the model grids, such as ground interception storage and soil moisture profile, can be obtained through this biophysical process.
(3) Each model grid is subdivided into a number of geometrically symmetrical hillslopes (see Fig. 2c ). Where R sw and R lw are downward solar radiation and longwave radiation, respectively, H is the sensible heat flux, and l is the latent heat of vaporization. Here, the land surface submodel is used to describe the transfer of the turbulent fluxes (energy, water, and CO 2 ) between atmosphere and ground surface for each model grid; while the hydrological submodel simulates both surface and subsurface runo¤ using grid-hillslope discretization, and then simulates flow routing in the river network.
A hillslope with unit length is called a basic hydrological unit (BHU) of the WEB-DHM. For each BHU, the hydrological sub-model is used to simulate lateral water redistributions and calculate runo¤ comprising overland, lateral subsurface and groundwater flows (see Figs. 2c, d ). Overland flow is described by Manning's equation, and lateral subsurface flow and groundwater discharge are simulated using Darcy's Law (Wang et al. 2009a ).
The runo¤ for a model grid is the total response of all BHUs within it.
(4) For simplicity, the streams located in one flow interval are combined into a single virtual channel. All the flow intervals are linked by the river network generated from the DEM. All runo¤ from the model grids in the given flow interval is accumulated into the virtual channel and led to the outlet of the river basin. The flow routing of the entire river network in the basin is modeled using the kinematic wave approach.
Data
Hydrological data for the Nanpan River Basin
The Nanpan River Basin (102.086 E-104.383 E, and 23.086 N-26.130 N), located in Yunnan province, (see Fig. 1 ) is one of the eastern downstream basins of the Tibetan Plateau. It has a catchment area of 30,695 km 2 . The datasets of the basin as used in WEB-DHM are described as below.
Spatial data input for the WEB-DHM includes topography, land cover and soil. The DEM ( Fig. 3 ; upper right) was obtained from SRTM 90 m Digital Elevation Data (URL: http://srtm.csi.cgiar.org/). To reduce computation cost, 90 m DEM was aggregated into a 1 km grid size for model simulation; while the sub-grid topography was described by the 100 m DEM. Digital map of 1 km resolution The SiB2 Land Use Map (Fig. 3b) was available from USGS (URL: http://edc2.usgs.gov/glcc/). The soil type for the basin (Fig. 3c) was obtained from the Food and Agriculture Organization (FAO 2003) together with the soil hydraulic parameters, including saturated soil moisture content, residual soil moisture content, saturated hydrologic conductivity for soil surface, and van Genuchten (1980) parameters (alpha and n). The vegetation static parameters, including morphological, optical and physiological properties, were defined following Sellers et al. (1996b) . The dynamic vegetation parameters, Leaf Area Index (LAI), and the Fraction of Photosynthetically Active Radiation (FPAR) absorbed by the green vegetation canopy can be obtained from satellite data. Global LAI and FPAR MOD15_BU 0.25 degree data sets (Myneni et al. 1997 ) were used in this study. These are 8-daily composites of MOD15A2 products and are from the Warehouse Inventory Search Tool (WIST) of NASA.
Hourly observed precipitation data from 96 rain gauges (Fig. 3a) were obtained by the Yunnan Institute of Meteorology (YIM), China Meteorological Administration. Due to the data availability, and the small influence of short-term evapotranspiration on the simulations of flash floods, the observed hourly air temperature, relative humidity, air pressure, wind speed, and sunshine duration obtained from one YIM meteorological site (Xiqiao) are used in the whole-basin simulation in this study. Downward solar radiation was estimated from sunshine duration, temperature, and humidity following Yang et al. (2001 Yang et al. ( , 2006 ). Long wave radiation was then estimated from temperature, relative humidity, pressure, and solar radiation following Crawford and Duchon (1999) . The surface air temperature inputs are modified with a lapse rate of 6.5 K km À1 , considering the elevation di¤er-ences between the model grids and meteorological stations.
Integrated observations for 3DVAR
in Yunnan province As shown in Fig. 1b , (for Domain 3 covering the Yunnan province, 96.9 E-107.52 E, and 20.46 N-29.955 N), the assimilated observations comprise the data from the automatic and conventional surface observations (air temperature, air pressure, relative humidity, wind direction and speed, precipitation) at 230 sites, the sounding data (air temperature, air pressure, relative humidity, wind direction and speed, and dew point temperature) at the standard radiosonde layers defined by World Meteorological Organization (WMO) from 10 conventional Radiosonde sites, and the total precipitable water vapor from 8 ground-based GPS stations. Based on these observations, seven scenarios have been designed for the WRF-3DVAR (see Table 1 ), to investigate the contributions of the di¤erent sources of observations to the accuracy of QPFs.
Results and discussions
The heavy-rain event of 01-02 July 2008 at Kunming City (the capital of Yunnan province, see Fig. 3a ) recorded 117.2 mm rainfall in 24 h (00:00 UTC 01 July to 00:00 UTC 02 July), and is the third-largest heavy-rain in the city's history. Hence, this date was chosen to test the 36-h realtime flood forecasting with the WRF and WEB-DHM. Results from the WRF with the assimilation of the meteorological observations (hereafter ''WRF-3DVAR'') and the WRF without data assimilation (hereafter ''WRF-noVAR''), are compared to the rain-gauge observations. Figure 4 displays the spatial patterns of the 0-36 h WRF forecasted rainfall without or with the 3DVAR, comparing to rain gauge data for the rectangle region (96.9 E-107.52 E, and 20.46 N-29.955 N) . Broadly this covers the Yunnan province. Comparing to the pattern and magnitude of the observed rainfall, the WRF-noVAR obviously underestimates the 0-36 h accumulated rainfall that covers the eastern part of Yunnan province; while all the WRF-3DVAR scenarios demonstrate better performances in QPFs although the WRF-3DVAR forecasted heavy-rain patterns are shifted slightly to the east. Among all the WRF-3DVAR scenarios (see Table 1 ), VAR-full, VARonlyGROUND, VAR-noGPS, as well as VARnoRADIOSONDE generally illustrates higher accuracies than the other three WRF-3DVAR scenarios (VAR-onlyGPS, VAR-onlyRADIOSONDE, and VAR-noGROUND). This shows that the 230- site automatic and conventional surface observations are crucial in the WRF-3DVAR simulations. The 10-site conventional sounding data and the 8-site GPS total precipitable water vapor also contribute to the QPFs in the WRF-3DVAR simulations. Figure 5 shows the interpolated rainfall (1 km resolution) from the rain gauges and the WRF model outputs (from WRF-noVAR and seven WRF-3DVAR scenarios), for the rectangular region (102.086 E-104.383 E, and 23.086 N-26.130 N) , this covers the Nanpan River Basin. When considering both the precipitation magnitude and spatial distributions, this further confirms the better performance of QPFs by the WRF-3DVAR over the WRF-noVAR. It should be noted that VAR-onlyGPS have a comparably poor performance (especially for the spatial pattern of rainfall) with WRF-noVAR. This is not surprising since VAR-onlyGPS assimilated only the initial observations (total precipitable water vapor at 00:00 UTC 01 July, hereafter GPS-V) from two ground-based GPS stations (see Fig. 5 ). Hence it is necessary to update the 3DVAR to 4DVAR (e.g., Gauthier et al. 2007 ) to allow increased assimilated data volume (e.g., the GPS observations in other periods) for the operational NWPs in Yunnan province. The VAR-onlyRADIOSONDE assimilated the 10-site radiosonde observations, including the vertical profiles of air temperature, air pressure, relative humidity, wind direction and speed, and dew point temperature (hereafter Radio-V), while the VARonlyGROUND assimilated the 230-site surface observations, including air temperature, air pressure, relative humidity, wind direction and speed, and precipitation (hereafter Surface-V). The VARonlyGROUND has shown slightly better performance than the VAR-onlyRADIOSONDE, while both of them are much better than the VARonlyGPS. This has shown that not only the assimilated variables, but also their spatial coverage (e.g., the number of observational sites, and the number of vertical layers) are crucially important in the WRF-3DVAR, since the latter provides valuable information for the spatial heterogeneity (in both the vertical and horizontal) of the assimilated variables. This can improve the initial fields for WRF simulations. The scenarios of VAR-noGPS, VARnoRADIOSONDE, and VAR-noGROUND have demonstrated inferior performances compared to VAR-noGPS and the VAR-noGROUND. This further confirmed the higher importance of Surface-V over Radio-V and the higher importance of Radio-V over GPS-V in this study. VAR-full has not performed as well as some of the other 3DVAR scenarios, showing that increased assimilated data does not necessarily improve the accuracy of QPF, but instead the QPF requires theoretical improvements in the WRF-3DVAR. Figure 6a shows the hourly basin-averaged precipitation comparisons between the observation and the WRF forecasts (WRF-noVAR and seven WRF-3DVAR scenarios) from 00:00 UTC 01 July to 12:00 UTC 02 July 2008. For the Nanpan River Basin, in general the WRF-3DVAR scenarios show acceptable accuracies in predicting the basinaveraged hourly rainfall (close to the observed rainfall), except for the obvious under-predictions in the last 9 hours (3:00 to 12:00 UTC 02 July). This may be because the WRF-3DVAR used in this study only assimilated the initial observations (from the GPS/RADIOSONDE/GROUND variables) at 00:00 UTC 01 July. VAR-onlyGPS predicts better peak rainfall (in terms of time and magnitude) than WRF-noVAR, although both of them underpredict the peaks that occurred from 20:00 to 21:00 UTC 01 July. Figure 6b is similar to Fig. 6a , except it shows the accumulated values averaged in the Nanpan River Basin. As previously, the 0-36 h basinaveraged total rainfall is generally well predicted by all the WRF-3DVAR scenarios (from 34.5 mm to 43.4 mm vs 44.0 mm). VAR-onlyGPS did not perform as well as the others (27.6 mm), but still performed better than WRF-noVAR (22.5 mm). -104.383 E, and 23.086 N-26.130 N) that covers the Nanpan River Basin. Where, the GPS and Radiosonde sites are indicated by ''triangle'' and ''cross'', respectively. Fig. 6 . Basin-averaged precipitation comparisons between observation with WRF forecasts without or with data assimilations (a and b); and the predicted discharges by WEB-DHM using these di¤erent sources of inputs (c) at the outlet of the Nanpan River Basin from 00:00 UTC 01 July to 12:00 UTC 02 July 2008.
VAR-noGROUND and VAR-onlyRADIOSONDE both predicted the accumulated 0-26 h (00:00 UTC 01 July to 2:00 UTC 02 July) rainfall very well (30.9 mm and 33.1 mm, vs 32.0 mm). This has demonstrated that in the WRF-3DVAR simulations, the 10-site conventional sounding data also plays an important role for QPFs in the basin. This is reasonable since the sounding data provides the vertical profiles of six important meteorological elements (air temperature, air pressure, relative humidity, wind direction and speed, and dew point temperature). Figure 6c gives the 0-36 h flood forecasts for the outlet of the Nanpan River Basin from 00:00 UTC 01 July to 12:00 UTC 02 July 2008. Fed with the di¤erent sources of rainfall from WRF forecasts, the WEB-DHM has produced di¤erent flood forecasts at the basin outlet. Due to the availability of hourly discharge data, the simulated hourly discharge (with a peak value of 9555 m 3 s À1 at 00:00 UTC 02 July) has been used as a reference for evaluating the other simulated discharges in this study. Results show that the simulated floods by the WEB-DHM forced with the WRF-3DVAR forecasts, generally show reasonable responses to the heavy rainfall event (21:00 UTC 01 July) except VAR-onlyGPS, predicting flood peaks from 7211 m 3 s À1 (at 23:00 UTC 01 July; by VARnoGROUND) to 10651 m 3 s À1 (at 00:00 UTC 02 July; by VAR-onlyGROUND). Although VARonlyGPS performs less well (with a flood peak of 4617 m 3 s À1 at 22:00 UTC 01 July) than the other six WRF-3DVAR scenarios, it still can provide useful information to water resources managers for the flood disaster warning and prevention. As expected, the one simulated with the WRFnoVAR forecasts, shows the smallest flood peak (2898 m 3 s À1 ) due to the large under-prediction of rainfall in the basin.
Conclusions
In this study, an atmosphere-hydrology system (WRF2.2 coupled with WEB-DHM) has been developed and applied to the short-term flood forecasting in the Nanpan River Basin (southeast to Tibetan Plateau) on 1 July 2008. In the WRF-3DVAR simulations, the assimilated observations comprise the data from the automatic and conventional surface observations at 230 sites, the sounding data from 10 conventional Radiosonde sites, and the total precipitable water vapor from eight ground-based GPS stations. Based on these observations, seven scenarios were designed for the WRF-3DVAR to investigate the contributions of the di¤erent sources of observations to the 0-36 h real-time QPFs, and thus short-term streamflow forecasting. To our knowledge, this work is the first to utilize comprehensive observations (e.g., Radiosonde and GPS) around the Tibetan Plateau to improve short-term flood predictions with a coupled atmosphere-hydrology system. The major conclusions and are:
First, the overall better performance of QPFs by the WRF-3DVAR over the WRF-noVAR has been demonstrated in terms of both the rainfall magnitude and spatial distribution.
Second, the 230-site automatic and conventional surface observations are crucial in the WRF-3DVAR simulations, although the 10-site conventional sounding data and the 8-site GPS total precipitable water vapor also significantly contribute to the accuracy of QPFs in the WRF-3DVAR simulations.
Third, although VAR-onlyGPS performs less well (predicting a flood peak of 4617 m 3 s À1 at the basin outlet, two hours early) than the other six WRF-3DVAR scenarios (predicting peak values from 7211 m 3 s À1 to 10651 m 3 s À1 ), it still provides crucial information to water resources managers for flood disaster warning and prevention. This further confirms the superiority of WRF-3DVAR to WRF-noVAR (which predicted a flood peak of 2898 m 3 s À1 ). Finally, the poorest performance of VARonlyGPS among all the seven WRF-3DVAR scenarios, shows the necessity of further improving the assimilation techniques, e.g., to update the 3DVAR to 4DVAR for the operational QPFs in Yunnan province.
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